Abstract Sphingosine 1-phosphate (S1P) is a lipid mediator produced from sphingomyelin by the sequential enzymatic actions of sphingomyelinase, ceramidase, and sphingosine kinase. Five subtypes of cell surface G-proteincoupled receptors, S1P 1-5 , mediate the actions of S1P in various organs systems, most notably cardiovascular, immune, and central nervous systems. S1P is enriched in blood and lymph but is present at much lower concentrations in interstitial fluids of tissues. This vascular S1P gradient is important for the regulation of trafficking of various immune cells. FTY720, which was recently approved for the treatment of relapsing-remitting multiple sclerosis, potently sequesters lymphocytes into lymph nodes by functionally antagonizing the activity of the S1P 1 receptor. S1P also plays critical roles in the vascular barrier integrity, thereby regulating inflammation, tumor metastasis, angiogenesis, and atherosclerosis. Recent studies have also revealed the involvement of S1P signaling in coagulation and in tumor necrosis factor α-mediated signaling. This review highlights the importance of S1P signaling in these inflammatory processes as well as the contribution of each receptor subtype, which exhibits both cooperative and redundant functions.
Introduction
Sphingosine 1-phosphate (S1P) is a pleiotropic lipid mediator involved in regulation of proliferation, migration, rearrangement of cytoskeleton, adhesion, and inflammation in various cell types, including those of the cardiovascular system, both innate-and adaptive-immune systems, and the central nervous system. Fingolimod (FTY720/Gilenya™; Novartis), a structural analog of sphingosine, was recently approved as the first-line oral treatment for the relapsingremitting multiple sclerosis by the US Food and Drug Administration. In this review, we outline the metabolic pathways of S1P, S1P receptors, and physiological S1P functions revealed by analyses of receptor deficient mice. We also mention its roles in immune cell trafficking that provide a basic understanding of FTY720 action as a potent immunomodulator. Finally, we highlight recently uncovered roles of S1P in coagulation and inflammation.
Metabolic pathways of S1P
Sphingolipids Sphingosine (2-amino-4-octadecene-1,3-diol) is a C18 amino alcohol that contains one amino group and two hydroxy groups and serves as a backbone for all sphingolipids (Fig. 1a) . Ceramides are produced from sphingosine when the C2 amino group is acylated with one of several fatty acid chains. Ceramides are further metabolized when the C1 hydroxy group is esterified by phosphocholine to sphingomyelin, the most abundant sphingolipid in plasma membrane. Ceramides are also metabolized when the C1 hydroxy group is glycosylated by a sugar chain to glycosphingolipids like cerobrosides and gangliosides. On the other hand, when sphingosine is phosphorylated at the C1 hydoxy group, S1P is produced. 
G i G q G 12/13 G 12/13 G i Fig. 1 Metabolic pathways, transport, and receptors of S1P. a De novo sphingolipid metabolism starts at the endoplasmic reticulum where serine palmitoyltransferase condesates serine and palmitate into 3-keto-dihydrosphingosine, followed by sequential conversion to dihydrosphingosine, dihydroceramide, and ceramide by the action of 3-keto-dihydrosphingosine reductase, dihydroceramide synthases, and dihydroceramide desaturase, respectively. Ceramide, generated either from the de novo pathway or from degradation of complex sphingolipids such as sphingomyelin and glycosphingolipids, is deacylated by ceramidase to sphingosine, followed by phosphorylation by sphingosine kinase to produce S1P. S1P is dephosphorylated to sphingosine by S1P phosphatase or by lipid phosphate phosphatases, or is irreversibly degraded to phosphoethanolamine and hexadecenal by S1P lyase. b S1P produced intracellularly is transported by specific transporters such as Spns2 and carried by carrier proteins such as HDL-associated apoM and albumin. c S1P activates S1P receptors, S1P [1] [2] [3] [4] [5] , which transmit diverse intracellular signals depending on the coupled Gα subunit of heterotrimeric G protein and the expression pattern of each receptors in a given cell type
The metabolism of each sphingolipid class is highly interconnected and orchestrated by specific enzymes at each step. Although the family name "sphingolipid" is derived from the common sphingosine backbone, sphingosine molecule itself is not directly generated by de novo synthesis. De novo synthesis of sphingolipids starts at the cytosolic leaflet of the endoplasmic reticulum where 3-keto-dihydrosphingosine is generated from serine and palmitate by the action of serine palmitoyltransferase (Fig. 1a) . Then, 3-keto-dihydrosphingosine is sequentially converted to dihydrosphingosine, dihydroceramide, and ceramide by the action of 3-keto-dihydrosphingosine reductase, dihydroceramide synthases, and dihydroceramide desaturase, respectively. Ceramide can be considered as a central player in sphingolipid metabolism, from which either complex sphingolipids such as sphingomyelin and glycosphingolipid are synthesized, or signaling molecules such as ceramide 1-phosphate and S1P are produced.
Although sphingolipids have been regarded as merely building blocks of cellular membranes for a long time, recent studies revealed their diverse functions both as intercellular and intracellular signaling mediators. Sphingomyelin is not only a major constituent of myelin sheath but also plays important roles in lipid raft formation on plasma membranes [1] . Ceramides play roles not only in moisture retention function of epidermis but also in many cell-stress responses, including the regulation of apoptosis [2] and cell senescence [3] . Among all sphingolipids, S1P is the most potent intercellular signaling molecules. Structurally, S1P is classified as a lysophospholipid-for example, lysophosphatidic acid and platelet activating factor, with a polar head group and hydrophobic acyl tail. This amphipathic character allows lysophospholipids to leave plasma membrane and work as intercellular mediators. Lysophospholipids signal via specific G-protein-coupled receptors (GPCR) and exert various physiological functions. S1P production and degradation S1P is enriched in blood and lymph in the submicromolar range, whereas it is much lower in interstitial fluids of tissues, creating a steep S1P gradient [4] . This vascular S1P gradient is utilized to regulate trafficking of immune cells such as lymphocytes, hematopoietic progenitor cells, and dendritic cells as discussed later. Since half-life of S1P when bound to albumin is <15 min in plasma [5] , it is likely that S1P is continuously produced to maintain the high concentration in blood and lymph. Platelets store S1P abundantly and have been regarded as a main source of plasma S1P [6] . However, contribution of platelets to plasma S1P levels has been challenged by the observation that plasma from NF-E2-deficient mice and antibodyinduced thrombocytopenic mice have normal S1P concentrations despite having virtually no circulating platelets [5, 7] . Recent studies have shown that erythrocytes play important roles in the maintenance of S1P concentration in plasma [7, 8] . Platelets probably contribute to local exaggerated synthesis of S1P during thrombotic episodes. The results from our group have shown that vascular endothelial cells also contribute to plasma S1P levels and that S1P production is stimulated by fluid shear stress in endothelial cells [5] .
The main pathway for S1P production is from sphingomyelin hydrolysis. Sphingomyelin is sequentially converted to ceramide, sphingosine, and S1P by the action of sphingomyelinase, ceramidase, and sphingosine kinase, respectively (Fig. 1a) . Two types of sphingosine kinases (SphK) have been identified, SphK1 and SphK2 [9] . Although SphK1 and SphK2 have slight differences in substrate specificities and subcellular localization, they catalyze the same reaction, that is, phosphorylation of sphingosine to produce S1P, and have redundant functions since neither SphK1 nor SphK2 knockout mice display any obvious developmental abnormalities alone, but double knockout mice show complete loss of sphingosine kinase activity and embryonic lethality due to improper neural and vascular development [10] .
Importantly, enzymatic activity of SphK1 and SphK2 are regulated by extracellular stimulus. The first insight into this came from the observation that SphK1 translocated from the cytoplasm to the plasma membrane in response to phorbol ester treatment [11] . This translocation is regulated by extracellular signal-regulated kinase (ERK) 1/2-dependent phosphorylation [12] and leads to increased S1P production [11, 13] . Many kinds of growth factors have been shown to induce translocation and activation of SphK1 to exert their proliferative effects. These include platelet-derived growth factor (PDGF) [14] , vascular endothelial growth factor (VEGF) [15] , nerve growth factor [16] , epidermal growth factor [17] , insulin [18] , and insulin-like growth factor-1 [19] . SphK1 is also activated by tumor necrosis factor-α (TNF-α) stimulation in a mechanism dependent on TNF receptor-associated factor 2 (TRAF2) [20] , and knockdown studies have implicated that SphK1 mediates the effects of TNF-α on induction of cyclooxygenase-2 (COX-2) and adhesion molecules, production of prostaglandins, and activation of endothelial nitric oxide synthase (eNOS) (discussed later) [21] [22] [23] . It seems that many extracellular stimulus including growth factors and pro-inflammatory mediators converge on SphK1 as an intracellular target and exert their effects via subsequent S1P production. However, it is important to note that there is significant basal activity of SphK in cells, which may be related to normal metabolic functions of the enzyme in sphingolipid turnover. In addition, many growth factors and cytokines appear to work well even under conditions of SphK isoenzyme knockout, suggesting that the activation of this pathway may be dispensable under various pathophysiological conditions. S1P is dephosphorylated to sphingosine either by a family of lipid phosphate phosphatases, LPP1-3, at the cell surface, or by S1P specific phosphatases, SPP1 and SPP2, at the endoplasmic reticulum. LPPs have broad substrate specificity, dephosphorylating S1P, ceramide 1-phosphate, lysophosphatidic acid, etc. and is thought to be the primary mechanism by which extracellular S1P signaling is attenuated [24] . Overexpression of specific LPPs reduces S1P-dependent signaling events in HEK293 cells [25, 26] . On the other hand, SPPs are S1P-specific phosphatases and are mainly localized to the endoplasmic reticulum. SPPs are thought to play roles in regulating cytoplasmic S1P level and reintroduction of sphingoid bases into ceramide species [27] .
An alternative pathway to regulate S1P levels is irreversible degradation of S1P to phosphoethanol amine and hexadecenal by S1P lyase (SPL), which serves as the final degradation of sphingolipids species. SPL is exclusively localized to the endoplasmic reticulum [28] . SPL has a wide tissue distribution with its highest expression in the thymus and intestines, followed by spleen, liver, and testis [28] . In contrast, SPL activity cannot be detected in platelets and erythrocytes in which S1P is actively produced [28] . Expression of SPL in lymphoid organs seems to be essential for proper lymphocyte trafficking since inhibition of SPL by the food colorant 2-acetyl-4-tetrahydroxybutylimidazole (THI) induces lymphopenia due to the disruption of S1P gradient between blood or lymph and lymphoid organs (see below) [29] .
S1P transport
Since several enzymes involved in S1P production like sphingomyelinase [30] , ceramidase [31] , and SphK1 [32, 33] are secreted from endothelial cells, S1P can be produced in the extracellular space. However, it is generally regarded that most of S1P are produced in the intracellular space and exported after production (Fig. 1b) . Several members of ATP-binding cassette (ABC) transporter superfamily have been suggested to regulate S1P transport. Those include ABCC1 in mast cells [34] , ABCA1 and ABCA7 in platelet [35] , ABCA1 in astrocytes [36] , ABCC1 in fibroblasts [37] , and ABCC1 and ABCG2 in breast cancer cells [38] . However, none of ABCA1, ABCA7, or ABCC1 null mice showed significant changes in S1P levels in plasma as compared to wild-type counter parts [39] . This indicates that these transporters are not required in the maintenance of plasma S1P or that they regulate S1P transport redundantly. In addition, it is well known that ABC transporters have other functions; for example, ABCA1 is a sterol transporter important for HDL generation. Thus, the requirement for ABC transporters in the S1P export is unclear at present.
Recently, Spinster 2 (Spns2) was reported as a critical S1P transporter required for heart development [40] . Spns2 has putative 12 transmembrane domains with structural similarity to the glycerol-3-phosphate transporter. Spns2 mutants in zebrafish display cardia bifida resembling the phenotype of S1P receptor-2 (Mil) mutant [40] . When ectopically expressed in CHO cells with SphK1, only Spns2 but not ABCA1, ABCB1, ABCC1, or ABCG2 promotes the secretion of S1P [40, 41] . Since both genetic and biochemical data support the role of Spns2 as a S1P transporter, it is likely that this protein plays a physiological role in S1P transport. Its function in mammalian systems needs further elucidation.
Due to its amphipathic character, most of S1P is bound to carrier proteins in blood (Fig. 1b) . In human plasma, more than half of S1P is found in HDL fraction, about 36% in albumin fraction, and 8% in LDL fraction [42] . However, it was not clear which molecule on HDL was specifically serving as a S1P carrier. Recently, we identified apolipoprotein M (apoM) as a specific carrier for S1P on the HDL particles [43] . ApoM is a 25-kDa lipoprotein-associated plasma protein mainly synthesized in the liver [44] . The retained hydrophobic NH 2 -terminal signal peptide anchors apoM in the phospholipids layer of lipoprotein particles [45, 46] . The determination of crystal structure of human recombinant apoM has elucidated that apoM has a typical lipocalin fold characterized by an eight-stranded β-barrel that encloses an internal binding pocket and suggested that S1P is one of the potent ligand for apoM [47] . Accordingly, the 1.7-Å structure of the S1P-apoM complex has revealed that S1P highly specifically interacts with an amphiphilic pocket in the lipocalin fold of apoM [43] . Although apoM is found only in 5% of total HDL in human plasma [48] , S1P was shown to be specifically associated with apoMcontaining HDL [43] . ApoM-containing HDL induced S1P receptor-dependent signaling in human umbilical vein embryonic endothelial cells (HUVEC), whereas apoMdepleted HDL did not. Moreover, lack of S1P in the HDL fraction of Apom −/− mice decreased basal endothelial barrier function in lung tissue [43] . These results strongly suggest apoM serves as a specific carrier of S1P on HDL that mediates vasoprotective actions on the endothelium.
S1P receptors and physiological functions of S1P

S1P receptors
Diverse physiological functions of S1P are mediated by specific, high-affinity GPCRs. Five receptors for S1P have been identified so far since the first S1P receptor S1P 1 was reported in 1998 [49] ; those are S1P 1 -S1P 5 , formerly termed endothelial differentiation gene (EDG) receptor-1, EDG-5, EDG-3, EDG-6, and EDG-8, respectively [50] . All of these receptors are activated by nanomolar doses of S1P. The differential but overlapping expression patterns and intracellular signaling pathways of each receptor enable S1P to exert its diverse functions. S1P [1] [2] [3] receptors are widely expressed, especially rich in cardiovascular and immune system. S1P 4 is expressed in the lymphoid system [51, 52] and airway smooth muscle cells [53] , and S1P 5 is in the white matter tracts of the central nervous system [54, 55] , though the expression level of S1P 4 and S1P 5 are relatively low compared to S1P [1] [2] [3] . S1P 1 exclusively couples with G i/o alpha subunit of heterotrimeric G proteins, whereas S1P 2 and S1P 3 couple with G i/o , G q , and G 12/13 , and S1P 4 and S1P 5 with G i/o and G 12/13 (Fig. 1c) . Generally, signaling through G i/o leads to the activation of the Ras/ERK pathway to promote proliferation, the PI3K/Akt pathway to prevent apoptosis, and the PI3K/Rac pathway to promote cytoskeletal rearrangement and migration, as well as phospholipase C (PLC) activation to increase intracellular calcium concentration and inhibition of adenylyl cyclase to reduce cAMP production. Signaling through G q primarily activates the PLC pathway, and signaling through G 12/13 promotes Rho activation to inhibit Rac and migration. It seems that the balance of those signaling pathways downstream of each receptor type determines the divergent effects of S1P, depending on the expression pattern of S1P receptor subtypes in a given cell type. For example, S1P 1 and S1P 2 work competitively for cell migration; S1P 1 promotes migration via Rac activation [56] , whereas S1P 2 suppresses migration by Rho-mediated inhibition of Rac [57, 58] . Our group showed that migration toward S1P was markedly attenuated by the Rho-and PTEN-dependent pathways when S1P 2 was overexpressed in HUVEC, which predominantly express S1P 1 [59] .
Most of the S1P biological functions are regarded to be mediated by S1P receptors mentioned above, but there are also several reports showing intracellular S1P effects. Hait et al. [60] recently reported that S1P specifically bound to histone deacetylases HDAC1 and HDAC2 and inhibited their enzymatic activity. Alvarez et al. [61] showed that S1P specifically bound to TRAF2, one of the key components in NF-κB signaling triggered by TNF-α, and stimulated its E3 ubiquitin ligase activity. Physiological relevance of these findings remains to be established.
Physiological functions of S1P revealed by the analysis of receptor/enzyme-deficient mice
Genetic deletion of S1P 1 causes embryonic lethality between E12.5 and E14.5 as a result of excessive hemorrhage [62] . No clear defect is observed in vasculogenesis and angiogenesis. However, vascular maturation is incomplete due to defective coverage by vascular smooth muscle cells/pericytes in the dorsal aorta [62] . Furthermore, endothelial-specific deletion of S1P 1 shows the same phenotype as the global deletion [63] , clearly demonstrating that S1P 1 in endothelial cells play critical roles in vascular stabilization by recruiting mural cells. It was shown that S1P 1 regulated N-cadherin-mediated cell adhesion between endothelial and mural cells [64] . The importance of S1P in the maintenance of vascular integrity in the adults is also clear, since the mutant mice engineered to selectively lack plasma S1P by an inducible SphK1/SphK2 double-deletion system display increased vascular leak and impaired survival after anaphylaxis [65] .
Deletion of S1P 1 also causes severe disturbances in neurogenesis. Embryos at E12.5 have cell loss in the forebrain, increased apoptotic cells in the neuroepithelium of the telencephalon and diencephalon, and decreased mitotic cells in the telencephalon [10] . SphK1/SphK2 double-knockout mice show very similar phenotypes [10] . SphK1 is highly expressed in the brain, especially rich in telenchphalon, while SphK2 is rich in the limb buds, eyes, and branchial arches [10] . The expression patterns overlap with those of S1P 1 , establishing an important role of the SphK/S1P/S1P 1 axis in the neuronal development.
Single deletion of either S1P 2 or S1P 3 does not lead to the embryonic lethality, but simultaneous deletion of S1P 2 and S1P 3 results in about 50% embryonic death around E13.5 due to the hemorrhage [66] [67] [68] . Triple null mice lacking all of the S1P 1-3 show the severest bleeding, leading to embryonic death between E10.5 and E11.5 [68] , which is a little earlier than S1P 1 single deletion. These results indicate that S1P 1 plays a critical role in the vascular maturation, with S1P 2 and S1P 3 redundant and/or supportive roles. SphK1/SphK2 double knockout embryos have undetectable levels of S1P, which also results in the embryonic lethality around E12.5 due to the defects in vascular maturation, just like S1P 1 deletion mice [10] .
Although S1P 2 -deficient mice are born with no apparent anatomical or physiological defects, the mice develop spontaneous, sporadic, and occasionally lethal seizures between 3 and 7 weeks of age [69] . At a cellular level, a large increase in the excitability of neocortical pyramidal neurons are observed in these mice [69] , suggesting that S1P 2 is important for the development and/or mediation of neuronal excitability. S1P 2 is also essential for the proper functioning of the auditory and vestibular systems since S1P 2 -deficient mice show deafness due to the impairments in the stria vascularis and cochlear hair cells [70, 71] . Recently, it was shown that the balance between S1P 1 -and S1P 2 -mediated signaling controlled the chemotactic behavior of osteoclast precursors between bone and blood [72] . S1P 2 also has an inhibitory role in macrophage recruitment during inflammation [73] .
Several studies using S1P 2 -dificient mice have elucidated critical roles of S1P 2 in angiogenesis and atherogenesis. Our group showed that S1P 2 -driven inflammatory process was an important event in hypoxia-triggered pathological angiogenesis of the retina [74] . Du et al. [75] showed that S1P 2 expressed in endothelial cells and bone-marrowderived cells negatively regulated tumor angiogenesis and tumor growth. S1P 2 also regulates macrophage retention and inflammatory cytokine secretion in the atherosclerotic plaques, thereby promoting atherosclerosis [76, 77] . S1P 3 is highly expressed in heart, lung, spleen, kidney, intestine, and diaphragm, but S1P 3 -deficient mice show no obvious phenotype [66] . However, clear involvements of S1P 3 have been demonstrated in several cardiovascular functions such as regulation of heart rate and blood pressure in rodents [78, 79] , regulation of myocardial perfusion and consequent protection of cadiomyocytes in ischemia-reperfusion injury [80] [81] [82] , vasorelaxation [83] , and cardiac fibrosis [84] . S1P 3 is also shown to regulate the endothelial cells in splenic marginal sinus organization [85] and the stimulation of endothelial progenitor cells [86] . Furthermore, pro-inflammatory roles of S1P 3 have been reported. Niessen et al. [87] reported that the dendritic cell PAR1-S1P 3 crosstalk played a critical role in coupling coagulation events with inflammation in sepsis syndrome (see below). Keul et al. [88] showed that S1P 3 mediated the chemotactic effect of S1P in macrophages and played a causal role in atherosclerosis by promoting inflammatory monocyte/macrophage recruitment and altering smooth muscle cell behavior. S1P 4 is primary expressed in lymphoid tissues [52] , and pharmacological analysis has suggested that S1P 4 mediates immunosuppressive effects of S1P by inhibiting T-cell proliferation and secretion of effector cytokines [89] . Recently, S1P 4 -deficient mice were reported, showing that S1P 4 played a role in shaping the terminal differentiation of megakaryocytes and proplatelet development [90] . S1P 5 is mainly expressed in oligodendrocytes in the brain, and immature oligodendrocytes from S1P 5 -dificient mice shows diminished responses in S1P-induced process retraction, though S1P 5 -deficient mice have no deficits in myelination [91] . S1P 5 is also expressed in natural killer cells and regulates their trafficking by a FTY720-resistant mechanism [92, 93] .
Taken together, S1P exerts its effects through specific receptors in many organ systems, most notably cardiovascular, immune, and central nervous systems. Multiple receptor system enables S1P to have pleiotropic effects, where each receptor has differential but partially overlapping tissue distributions and intracellular signaling pathways, and works sometimes cooperatively and sometimes competitively each other.
S1P as a regulator of lymphocyte trafficking
Recent studies have elucidated a critical role of S1P-S1P 1 signaling in the regulation of lymphocytes egress from the thymus and secondary lymphoid organs. S1P receptors are the targets of FTY720, which is a newly developed immunomodulatory drug and was recently approved as the first oral treatment for the relapsing-remitting multiple sclerosis by the US Food and Drug Administration [94, 95] . In this section, we summarize the functions of S1P signaling in lymphocyte trafficking and the effects of FTY720. For a detailed description, the reader is referred to recent comprehensive reviews [96, 97] .
FTY720 was synthesized as a potent immunosuppressor with low cytotoxicity using myriocin as a lead compound [98] . Myriocin is one of the active constituents of Isaclaria sinclarii, a traditional herb for Eastern medicine [99] . Different from calcinuerin inhibitors like cyclosporine, FTY720 does not affect proliferation and activation of lymphocytes, but it induces marked decrease of circulating lymphocytes (lymphopenia), especially of mature T lymphocytes [100, 101] . Structural similarity between FTY720 and sphingosine (Fig. 1a) led to the elucidation that S1P signaling plays a critical role in lymphocyte trafficking and that FTY720 modulates S1P signaling as detailed below.
FTY720 is phosphorylated to FTY720-P by SphK2 [102] [103] [104] , and FTY720-P acts as a potent agonist on all of the S1P receptors except S1P 2 in the nanomolar range [105, 106] . After agonist stimulation, S1P 1 is desensitized by phosphorylation of its C-terminal tail and subsequent internalization by a β-arrestin-mediated clathrin-coated vesicle mechanism [107, 108] . In the case of S1P stimulation, most of the internalized S1P 1 receptors recycle back to the plasma membrane. In contrast, FTY720-P induces sustained internalization, followed by WWP2 (ubiquitin E3 ligase)-dependent polyubiquitinylation and degradation of S1P 1 , resulting in the massive decrease of S1P 1 expression level [108, 109] . Lymphocytes from S1P 1 mutant-knockin mice in which C-terminal phosphorylation sites are mutated show delayed S1P 1 internalization and defective desensitization after agonist stimulation, and these mutant mice exhibit significantly delayed lymphopenia after FTY720 administration [110] , supporting the idea that FTY720 exerts its effects through modulating the cell surface residence and activity of S1P 1 and/or other S1P receptors. Administration of S1P or S1P 1 -selective agonist also causes lymphopenia [78, 79, 106] , and histological analysis revealed that lymph node medullary sinuses of FTY720-treated mice were emptied of lymphocytes, which suggests that lymphocytes cannot access the egress structure [106] .
In conditional knockout mice whose hematopoietic cells lack S1P 1 , there is no clear defect in lymphocyte maturation, but almost no mature lymphocytes is found in circulating blood and lymph due to the defect in egress from thymus or peripheral lymphoid organs [111] . When S1P 1 -deficient mature lymphocytes are adoptively transferred intravenously into wild-type mice, they enter but cannot exit secondary lymphoid organs [111] . Furthermore, S1P 1 -dependent chemotactic responsiveness is strongly upregulated in T-cell development before exit from the thymus, whereas S1P 1 is downregulated during peripheral lymphocyte activation [111] . These observations clearly show that S1P 1 is essential for the regulation of lymphocyte egress from thymus and peripheral lymphoid organs and suggest that lymphocytes utilize an S1P gradient between lymphoid organs and circulation as a cue of the egress process.
As mentioned above, S1P concentration is maintained high in blood and lymph and low in tissues. Although exact numbers vary, the S1P concentration in plasma generally has been found to be in the low micromolar range and that, in lymph, is approximately one sixth of the concentration in plasma [7, 29, 39] . S1P 1 on thymocytes gets internalized almost completely after incubation with 1 nM S1P for 20 min ex vivo [29] , indicating that lymphocytes are very sensitive to S1P. Although S1P 1 is undetectable on the surfaces of circulating T cells, the receptor is readily detectable on the surfaces of T cells in the spleen and lymph nodes [29] . These results suggest that S1P concentration in the interstitial fluids of lymphoid organs is much lower than that in circulation, creating a steep S1P gradient. S1P lyase inhibition either by the food colorant THI, by treatment with the vitamin B6 antagonist deoxypyridoxine, or by short hairpin RNA-mediated knockdown in hematopoietic cells leads to the increase of S1P concentration in lymphoid organs and consequently induces lymphopenia [29] , which suggests that S1P lyase is critical for maintaining the low concentration of S1P in lymphoid organs. Similarly, conditional deletion of both SphK1 and SphK2 leads to the destruction of the S1P gradient and results in lymphopenia [7] .
The current model for the regulation of lymphocyte egress by S1P signaling is as follows (Fig. 2) ; lymphocytes in circulation have their S1P 1 mostly internalized due to the high S1P concentration, and upon entrance in lymphoid organs where S1P concentration is low, they gradually recover the surface expression of S1P 1 and regain ability to migrate out from lymphoid organs toward S1P in blood or lymph. FTY720 induces the degradation of S1P 1 and thereby inhibits the lymphocyte egress from lymphoid organs. S1P signaling is also utilized for the regulation of trafficking of dendritic cells [112] , natural killer cells [92, 93] , and hematopoietic stem cells [113] based on the almost same mechanism as in lymphocytes. S1P in coagulation and inflammation As mentioned above, S1P is maintained rich in blood and lymph and low in tissues, creating a vascular S1P gradient [4] . This marks a sharp contrast with most of proinflammatory mediators such as eicosanoids and cytokines that are acutely produced upon stimulation. The vascular S1P gradient is utilized for regulation of vascular integrity (see below) and immune cell trafficking. Thus, S1P is unlikely to be a pro-inflammatory mediator acting on endothelium and circulating cells under homeostatic conditions. However, disturbances of the vascular S1P gradient by local exaggerated production of S1P or by ectopic S1P increase in tissues make S1P exert both proand anti-inflammatory actions in various types of cell, including endothelial cells, smooth muscle cells, fibroblasts, monocyte/macrophages, mast cells, lymphocytes, and so on. Expression pattern of S1P receptor subtypes in a given cell type and local S1P concentration seem to determine the consequences of S1P actions. In this section, we mainly discuss roles of S1P signaling in vascular barrier integrity and coagulation processes. We also mention proinflammatory actions of S1P, particularly in mast cells and in TNF-α-mediated signaling. Finally, we discuss involvement of S1P signaling in a chronic inflammatory disease, atherosclerosis. S1P has a wide spectrum of effects on diverse cell types and is involved in various diseases, such as cancer, asthma, multiple sclerosis, and rheumatoid arthritis. The reader interested is referred to excellent reviews by other authors [97, [114] [115] [116] [117] [118] [119] [120] [121] .
S1P in platelet
Platelets contain high concentrations of S1P because platelets have constitutive SphK activity, while they lack S1P lyase activity [28, 122, 123] . The concentrations of S1P in serum are usually higher than that in plasma [6, 124, 125] , indicating that S1P is released from platelets during the coagulation processes. In fact, several reports showed that platelets secreted S1P upon stimulation, such as thrombin, collagen, and phorbol ester [122, 123, 126] . Therefore, platelets were initially thought to be a source of plasma S1P. However, it has been shown that transcriptional factor NF-E2-deficent mice and acute experimental thrombocytopenic mice have normal plasma S1P concentrations despite having virtually no circulating platelets [5, 7, 8, 127] . Nonetheless, local exaggerated production of S1P upon platelet activation might be important for woundhealing processes and vascular barrier integrity as discussed below. Very high concentration of S1P (>10 μM) was shown to induce platelet activation such as intracellular calcium increase, shape change, and aggregation [122] , but physiological range of S1P does not activate platelets.
Although S1P is not a major activator of platelet, S1P signaling seems to play a role in the platelet production. Recently, Golfier et al. [90] reported that S1P 4 was specifically up-regulated during the development of human megakaryocytes from hematopoietic progenitor cells and that megakaryocytes generated from S1P 4 -deficient murine bone marrow showed atypical and reduced formation of proplatelets in vitro. The recovery of platelet numbers after experimental thrombocytopenia was significantly delayed in S1P 4 -deficient mice. These observations indicate that S1P 4 plays a role in shaping the terminal differentiation of megakaryocytes and proplatelet development.
S1P in vascular barrier integrity
Dysfunction of endothelial barrier integrity results in marked increases in vascular permeability that is one of the central features of inflammation, tumor metastasis, angiogenesis, and atherosclerosis. Many reports have demonstrated the critical roles of S1P signaling in the maintenance of vascular barrier integrity. Camerer et al. [65] showed that mutant mice, which selectively lacked S1P in plasma by an inducible SphK1/SphK2 doubledeletion system, displayed basal vascular leak and impaired survival after anaphylaxis challenges by platelet-activating factor or histamine. They also showed that increased leak was associated with increased inter-endothelial cell gaps in venules and was reversed by transfusion with wild-type erythrocytes (which restored plasma S1P levels) and by acute treatment with an agonist for S1P 1 . These results strongly suggest that plasma S1P maintains basal vascular integrity under homeostatic conditions via S1P 1 and prevents lethal responses to leak-inducing mediators.
Important events to maintain vascular integrity are rearrangements of cytoskeleton and assembly of adherens junctions in endothelial cells. Lee et al. [128] showed that S1P induced reorganization of actin cytoskeleton and localization of VE-cadherin and α-, β-, and γ-catenin to the sites of cell-cell contact in conjunction with adherens junction assembly in HUVEC. Furthermore, Rac and an associated guanine nucleotide exchange factor Tiam1 also accumulated to the sites of cell-cell contact after S1P stimulation, and adherens junction assembly by S1P was attenuated by dominant-negative Rac, by inhibition of Rho with C3 endotoxin and by suppression of S1P 1 or S1P 3 expression. Garcia et al. [129] also showed that S1P preferentially induced the activation of Rac and subsequent p21-associated kinase activation in a pertussis toxin-sensitive manner in bovine endothelial cells, which led to the prominent cortical actomyosin ring formation, whereas thrombin induced dissolution of the cortical cytoskeleton, prominent stress fiber formation, and increase in intercellular gaps. They further showed that S1P induced rapid, sustained, and dose-dependent increases in transmonolayer electrical resistance (TER) across both human and bovine pulmonary artery and lung microvascular endothelial cells. S1P also reversed barrier dysfunction elicited by thrombin. The S1P-elicited TER increase was mediated mainly by S1P 1 and partly by S1P 3 via activation of Rac and actin filament rearrangement in a pertussis toxin-sensitive manner.
The role of S1P 3 in endothelial barrier integrity is complex and may be context dependent. Recent studies showed that silencing of S1P 3 receptor attenuated increases of vascular permeability by edemagenic stimulus [130, 131] . Activation of S1P 3 leads to Rho activation through coupling with G 12/13 . Although coordinated activation of Rac and Rho is required for the barrier integrity [128] , dominant activation of Rho leads to stress fiber formation and disruption of adherens junction [132] . Similarly, activation of S1P 2 promotes Rho-dependent stress fiber formation and disruption of adherens junction that increases vascular permeability [133] . Thus, the concerted actions of S1P 1 , S1P 2 , and S1P 3 regulate vascular permeability, with blood lymph secondary lymphoid organs S1P 1 FTY720-P low S1P lymphocyte high S1P egress Fig. 2 Regulation of lymphocyte trafficking by S1P. Lymphocytes in circulation have their S1P 1 mostly internalized due to the high S1P concentration in plasma. Upon entrance in secondary lymphoid organs where S1P concentration is low, they gradually recover the surface expression of S1P 1 and regain ability to egress from the lymphoid organs toward S1P in circulation. FTY720 is phosphorylated by sphingosine kinase 2 and induces the internalization and degradation of S1P 1 and thereby inhibits the lymphocyte egress S1P 1 primarily barrier protective and S1P 2 /S1P 3 promoting vascular leakage, albeit in a context dependent manner (Fig. 3a) . This concept is supported by several in vivo experiments. Administration of S1P or S1P 1 selective agonist shows protective effects in rodent models of lipopolysaccharide (LPS)-induced lung injury and vascular permeability [134, 135] , VEGF-induced vascular leakage [102] , and anaphylaxis challenges [65] , while administration of S1P 1 antagonists induces a loss of capillary integrity and vascular leakage in lung and skin [136] and FTY720-mediated S1P 1 degradation leads to vascular leakage in lung [109] . Efficacy of S1P administration in LPS-induced vascular permeability is dependent on the S1P concentration, with a low S1P dose barrier protective whereas a high S1P dose barrier disruptive [135] . This is probably due to the activation of S1P 2 and S1P 3 by a high dose of S1P. Indeed, S1p 2 −/− mice as well as mice with reduced S1P 3 expression are protected against LPS-induced barrier disruption compared with control mice [135] . S1P production by SphK1 in endothelial cells after edemagenic stress is shown to be important for S1P 1 to exert the barrier protective function. Tauseef et al. [137] showed that SphK1 activity and S1P concentration was significantly increased in the lung after a thrombin-mimetic peptide administration and that Sphk1 −/− mice showed markedly enhanced pulmonary edema formation in response to LPS and thrombin compared to wild-type mice. They further showed in human pulmonary arterial endothelial cells that S1P produced by SphK1 activated S1P 1 in an autocrine/paracrine manner and restored endothelial barrier integrity after thrombin stimulation. It is also shown that bone-marrow-derived endothelial progenitor cells contribute as another source of S1P to restore endothelial barrier integrity after LPS challenges [138] .
S1P in angiogenesis
In addition to the role in the vascular barrier integrity, S1P is a potent pro-angiogenic factor that stimulates migration, proliferation, and morphogenesis of endothelial cells. S1P 1 and S1P 3 promote chemotaxis of endothelial cells toward S1P through mechanisms involving Rho and PI3K/Akt/Rac pathways [56, 58, [139] [140] [141] [142] [143] , whereas S1P 2 mediates Rho-and PTEN-dependent inhibition of migration [59] . S1P also stimulates proliferation of endothelial cells [140, 144] and morphogenesis of endothelial cells into capillary-like networks [128] . Furthermore, S1P synergistically potentiates fibroblast growth factor (FGF)-2-and VEGF-induced angiogenesis in vivo [128, 144] . Thus, it is assumed that locally produced S1P from activated platelets during coagulation processes at the sites of trauma and wound healing is one of the major constituents to induce angiogenesis, including migration, proliferation, and morphogenesis of endothelial cells in concert with several angiogenic growth factors such as FGF, VEGF, and PDGF [145, 146] . Fig. 3 Regulation of vascular permeability by S1P and crosstalk with PAR1 signaling. a In endothelial cells, S1P 1 induces Rac-mediated formation of cortical actin and adherens junctions and decreases vascular permeability, whereas S1P 2 and S1P 3 induce Rho-mediated increases in vascular permeability. b PAR1, when activated by the complex of endothelial protein C receptor (EPCR) and activated protein C (aPC), potently inhibits thrombin-induced vascular permeability. This barrier-protective activity of aPC is partly dependent on cross-activation of S1P 1 either by SphK1-mediated S1P production or by EPCR-mediated trans-activation of S1P 1 . c Thrombin-activated PAR1 increases vascular permeability partly via trans-activation of S1P 3 . PAR1-S1P 3 coupling in dendritic cells leads to the systemic inflammation in the late stage of severe sepsis In vivo studies have also revealed a role of S1P signaling in pathological angiogenesis. RNA interference-mediated S1P 1 silencing inhibited tumor angiogenesis and growth in an animal model of subcutaneous tumor implantation [147] , whereas S1P 2 expressed in endothelial cells and bonemarrow-derived cells negatively regulates tumor angiogenesis and growth [75] . Skoura et al. [74] showed using the hypoxia-triggered pathological angiogenesis model of mouse retina that activation of S1P 2 on corneal endothelial cells was essential for COX-2 induction and subsequent inflammation and drove the neovascularization in the vitreous chamber. In S1P 2 -deficient mice, this abnormal angiogenesis was significantly inhibited, which was correlated with decreased COX-2 expression and increased eNOS expression.
Rac Rho
S1P in coagulation
Recent studies have revealed that S1P signaling is actively coupled with coagulation processes. Takeya et al. [148] reported a synergistic effect of S1P on thrombin-induced tissue factor expression in HUVEC. Although S1P itself did not induce tissue factor expression, S1P strongly potentiated thrombin-induced tissue factor expression through the activation of transcriptional factors NF-κB and early growth response-1 (Egr-1) in an ERK1/2-dependent manner. In addition, co-stimulation of thrombin and S1P rapidly up-regulated the expression of S1P 1 and S1P 3 . Matsushita et al. [149] showed that S1P activated exocytosis of the Weibel-Palade body that contains several thrombotic factors such as P-selectin, von Willebrand factor, and tissue plasminogen activator in human aortic endothelia cells. Interestingly, they reported two opposing effects of S1P in regulating endothelial exocytosis: S1P activated the exocytosis through phospholipase C-γ activation and intracellular calcium increase, and on the other hand, S1P suppressed the exocytosis through production of NO by activating the PI3K/ Akt/eNOS pathway. This is probably due to the differential activation of S1P 1 and S1P 3 . S1P might modulate the tone of coagulation processes depending on the presence of other coagulants or on the receptor subtypes activated.
Furthermore, S1P signaling has crosstalk with proteaseactivated receptor (PAR) 1-mediated signaling pathways. PAR1 is a GPCR that serves as a major thrombin receptor in endothelial cells [150] . PAR1 is cleaved by thrombin or by tissue factor coagulation initiation complex [151] and mediates their barrier-disruptive effects, leading to the increase in vascular permeability [150] . On the other hand, PAR1 is also cleaved by activated protein C (aPC), an anticoagulant serine protease that is produced by thrombin/ thrombomodulin complex from the zymogen protein C [152] . Endothelial protein C receptor (EPCR) binds to protein C and facilitates the activation of protein C [153] .
Activation of PAR1 by EPCR/aPC complex induces distinct signaling pathways from thrombin in endothelial cells and potently inhibits thrombin-induced vascular permeability [154] [155] [156] [157] [158] . This barrier-protective activities of aPC have been shown to be partly dependent on cross-activation of S1P 1 [154, 155] .
Feistritzer et al. [154] showed that aPC reduced thrombin-elicited hyperpermeability of the confluent HUVEC monolayer in a dual-chamber system using Evans blue-labeled bovine serum albumin and that the effects of aPC were dependent on binding to EPCR, activation of PAR1, and activity of SphK. Targeted silencing of S1P 1 or SphK1 expression using small interfering RNA (siRNA) attenuated this protective signaling by aPC, whereas that of S1P 3 did not. Finigan et al. [155] also showed that aPC attenuated thrombin-elicited reductions in TER across human pulmonary artery endothelial cells, which was dependent on Rac activation and subsequent cortical actin assembly and myosin light chain phosphorylation. They further showed that aPC induced S1P 1 phosphorylation on threonine residues in an EPCR-and PI3K-dependent manner and that S1P 1 co-immunoprecipitated with EPCR upon aPC treatment. Targeted silencing of S1P 1 expression using siRNA significantly reduced aPC-mediated barrier protection against thrombin. One of the threonine residues phosphorylated upon aPC treatment is likely to be Thr 236 since Akt-mediated phosphorylation of this residue is shown to be indispensable for Rac activation and cortical actin assembly upon S1P stimulation in HUVEC [56] . In contrast, RhoA-mediated trans-activation of S1P 3 is implicated as a cause of thrombin-elicited endothelial barrier disruption [131] . These in vitro studies have suggested that S1P 1 plays a role in aPC-mediated endothelial barrier protection, either by SphK1-mediated S1P production or by EPCR-mediated direct trans-activation of S1P 1 (Fig. 3b) , whereas a differential coupling of thrombin-activated PAR1 with S1P 3 leads to endothelial barrier disruption (Fig. 3c) . This concept is supported by a recent careful in vivo study using a combination of genetic mouse models (Par1 −/− , S1p 3 −/− , Sphk1 −/− , EPCR low (low EPCR expression) [159] , and TM pro (lack of thrombomodulindependent activation of protein C) [160] ) and several pharmacological modulators in LPS-induced sepsis model [161] . Thus, the activating proteases (thrombin vs. aPC/ EPCR) and coupling to S1P receptor subtypes (S1P 1 vs. S1P 3 ) determine PAR1 signaling specificity in endothelial cells in the regulation of vascular permeability.
In addition to the crosstalk in endothelial cells, PAR1-S1P 3 coupling in dendritic cells has been shown to amplify inflammatory responses in the LPS-induced sepsis model. Niessen et al. [87] found that the levels of dendritic-celland T-cell-derived inflammatory cytokines were markedly reduced in Par1 −/− mice at 18 h after challenge with a high dose of LPS, although initial inflammatory responses were indistinguishable between Par1 −/− and wild-type mice. Mechanistically, the loss of PAR1-S1P 3 signaling sequestered dendritic cells and inflammation into draining lymph nodes after LPS challenges due to reduced dendritic cell mobility and attenuated dissemination of interleukin-1β to the lungs that is directly downstream of the lymphatic draining of the thoracic duct into the central circulation.
Thus, PAR1-S1P 3 signaling in dendritic cells couples coagulation and inflammation in severe sepsis conditions (Fig. 3c) .
S1P in mast cell
Mast cells are tissue-resident cells that are important for both innate and acquired immunity [162] . Mast cells play a critical role especially in allergy and anaphylaxis. Antigen engagement of the high-affinity Fc receptor for IgE (FcεRI) on mast cells results in activation of SphK1 and SphK2 and subsequent production of S1P [163] [164] [165] . SphK2 is predominantly responsible for S1P production in mast cells dependent on activation of non-receptor tyrosine kinase, Fyn [166, 167] . Olivera et al. [167] demonstrated that mast cells from Sphk2 −/− mice showed decreased S1P production upon FcεRI stimulation and resulted in a decrease in the extent of degranulation and in the production of various cytokines and eicosanoids, which are key mediators of allergic responses.
Intracellularly produced S1P seems to activate S1P 1 and S1P 2 that are expressed in mast cells in an autocrine and/or paracrine manner during mast cell activation [168] . Genetic deletion of S1P 2 or antisense nucleotide/siRNA-mediated knockdown of S1P 1 or S1P 2 indicated that S1P 1 was involved in migration toward antigen, while S1P 2 was indispensable for degranulation [168, 169] . Especially, S1P 2 was shown to be essential for IgE-triggered anaphylactic responses, including elevation of circulating histamine and associated pulmonary edema in mice [169] . Thus, S1P 1/2 and/or SphK1/2 might be beneficial targets for allergy suppression and anaphylaxis attenuation.
S1P in TNF-α signaling
It has been implicated that S1P and SphK1 are involved in the actions of TNF-α, a pleiotropic cytokine crucial for systemic inflammation and a wide range of autoimmune disorders such as rheumatoid arthritis, inflammatory bowel disease, and asthma. TNF-α induces ERK1/2-mediated phosphorylation of SphK1 and subsequent translocation to the plasma membrane to catalyze the production of S1P in 293T cells [12] . It was suggested that TRAF2, an essential signaling intermediate in TNF-α signaling, bound directly to SphK1, which in turn was required for TRAF2-mediated activation of NF-κB [20] .
In L929 fibroblasts and A549 lung carcinoma cells, TNF-α-induced up-regulation of COX-2 expression and subsequent prostaglandin E 2 (a potent pro-inflammatory eicosanoid) production is dependent on activation of SphK1 and S1P production [21, 22] . Furthermore, TNF-induced transcription of pro-inflammatory cytokines, chemokines, and adhesion molecules (IL-6, RANTES, MCP-1, and VCAM-1) was found to require SphK1 activation [22] . Since S1P stimulation of the cells also induces the COX-2 expression [21] , TNF-α-induced effects are likely to be mediated by S1P receptors in an autocrine manner. S1P also activates cytosolic phospholipase A 2 via an S1P 3 -mediated intracellular calcium increase in A549 cells and releases arachidonic acid that serves as a substrate for COX-2 [170] . In macrophages, SphK1 is also required for complement component C5a-triggered intracellular calcium increase, degranulation, cytokine generation (TNF-α, IL-6, and IL-8), and chemotaxis [171] , and for TNF-α-triggered prostaglandin E 2 production [172] . These in vitro findings are supported by recent in vivo studies using Sphk1 −/− mice or siRNA-mediated SphK1 knockdown in the models of dextran sulfate sodiuminduced colitis [173] , collagen-or TNF-α-induced arthritis [174, 175] , and LPS-induced sepsis [176] . Furthermore, increased expression of SphK1 is observed in the colon epithelial and stromal cells from patients with ulcerative colitis [173] and in peritoneal macrophages from patients with severe sepsis [176] . Thus, SphK1-S1P axis regulates both local and systemic pro-inflammatory responses in concert with TNF-α, particularly in epithelial cells and macrophages.
On the other hand, in endothelial cells, S1P prevents TNF-α-mediated monocyte adhesion both in vitro and in vivo [177, 178] . TNF-α induces SphK1 activation and S1P production, which in turn activates S1P 1 and S1P 3 in an autocrine manner to increase NO production by eNOS [23] . NO is known to attenuate expression of adhesion molecules and leukocyte adhesion [179, 180] . The difference of proand anti-inflammatory actions of SphK1-S1P axis might be explained by differences in the cell types and the expression pattern of S1P receptor subtypes, or by mode of S1P actions, that is, receptor-dependent and -independent actions of S1P. Recently, Alvarez et al. [61] showed that S1P produced by SphK1 upon TNF-α stimulation of HEK293 cells specifically bound to TRAF2 and stimulated its E3 ubiquitin ligase activity, which was necessary for lysine-63-linked polyubiquitinylation of receptor interacting protein 1 that then served as a platform for recruitment and stimulation of IκB kinase and subsequent activation of NF-κB. They further showed that these responses were mediated by intracellular S1P independently of cell surface S1P receptors. Although highly intriguing, this model does not take into account why endogenous S1P under homeostatic conditions fail to activate the NF-κB pathway. Perhaps, a localized production of S1P is required for TRAF2 activation. The relevance of intracellular signaling of S1P under physiological conditions remains to be established.
S1P in atherosclerosis
Atherosclerosis is a chronic inflammatory condition that involves complex interactions among lipids, vascular endothelial cells, and immune cells as well as smooth muscle cells. It is well established that the plasma level of oxidized LDL is closely correlated, whereas that of HDL is inversely correlated, with the risk of atherosclerosis and associated cardiovascular diseases [181, 182] . HDL removes excess cholesterols from arterial and non-liver cells, transport them to liver, and excrete them as bile [181, 182] . In addition to this so-called reverse cholesterol transport, HDL exerts a wide range of actions such as inhibition of LDL oxidation and platelet aggregation. Importantly, HDL also exerts beneficial effects on endothelium, including stimulation of proliferation, cell survival, migration, and NO synthesis, and inhibition of adhesion molecule expression [183] . Recent studies have revealed that those anti-atherogenic HDL actions on endothelial cells are partly mediated by S1P that is bound to HDL-associated apoM [43] .
In vitro dissection of signaling pathways using siRNAmediated knockdown of S1P 1 , S1P 3 , and scavenger receptor BI (apolipoprotein A-I receptor) in HUVEC by Kimura et al. [184] [185] [186] [187] has revealed that HDL-bound S1P mediates survival, migration, and NO production as well as inhibition of TNF-α-induced adhesion molecule expression via S1P 1 and S1P 3 in concert with the scavenger receptor-BI-mediated signaling. Furthermore, HDL-induced endothelial barrier enhancement is mediated by S1P 1 through Akt activation in HUVEC [188] , and HDL-induced vasorelaxation is mediated by S1P 3 through NO production in mouse artery [83] .
Since S1P 1 -deficient mice are embryonic lethal, S1P 1 involvement has not been explored in the murine model of atherosclerosis using apolipoprotein E (apoE)-deficient mice or LDL receptor (LDLR)-deficient mice fed a cholesterol-rich diet. Recently, roles of S1P 2 and S1P 3 in these disease models were reported. Apoe −/− S1p 2 −/− mice show markedly attenuated development of the atherosclerotic plaques compared with Apoe −/− mice, with reduced accumulation of macrophages, lipid, and collagen and reduced expression of pro-inflammatory cytokines and adhesion molecules [76, 77] . Bone marrow transplant experiments indicate that S1P 2 functions in the hematopoietic compartment are critical for the atherogenesis [76, 77] . In fact, macrophages from Apoe −/− S1p 2 −/− mice show reduced cytokine expression and uptake of LDL and enhanced cholesterol efflux, associated with decreased expression of scavenger receptor and increased expression of cholesterol efflux transporter, probably due to diminished Rho/Rho kinase/NF-κB activity [76] . Furthermore, LPSinduced inflammatory cytokine productions (IL-1β and IL-18) are significantly reduced in the serum of S1p 2 −/− mice [77] . Thus, S1P 2 regulates macrophage functions and promotes vascular inflammation and atherosclerosis. Although Apoe −/− S1p 3 −/− mice do not show a significant difference in the atherosclerotic lesion sizes after 25 or 45 weeks of normal chow diet, monocyte/macrophage content in the lesions is markedly reduced, whereas smooth muscle cell content is increased compared with Apoe −/− mice [88] . Bone marrow transplant experiment indicates that S1P 3 in both hematopoietic and nonhematopoietic cells contributes to monocyte/macrophage accumulation in atherosclerotic lesions. Elicited peritoneal macrophages during thioglycollate-induced peritonitis are reduced in S1P 3 -deficient mice and express lower levels of TNF-α and monocyte chemoattractant protein-1 [88] . These results suggest that S1P 3 may play a causal role in atherosclerosis by altering inflammatory monocyte/macrophage recruitment and smooth muscle cell behavior. Administration of S1P analogue FTY720 has been shown to dramatically attenuate the development of atherosclerosis in both Apoe −/− [189] and Ldlr −/− mice [190] . FTY720 administration reduces blood lymphocyte count and significantly interferes with lymphocyte function as evidenced by reduced splenocyte proliferation and interferon-γ levels in plasma. Plasma concentrations of pro-inflammatory cytokines such as TNF-α and IL-6 are also reduced by FTY720. Moreover, FTY720 modulates macrophage activation, favoring an anti-inflammatory M2-type macrophage activation profile [190] . In isolated aortic segments and cultured vascular smooth muscle cell, FTY720 potently inhibits thrombin-induced release of monocyte chemoattractant protein-1 via S1P 3 [189] . Taken together, FTY720 inhibits atherosclerosis by suppressing lymphocyte functions (as discussed above) as well as modulating macrophage and smooth muscle functions.
Concluding remarks
Multiple receptor system enables S1P to have pleiotropic effects, where each receptor has a different but partially overlapping intracellular signaling pathway and works cooperatively or competitively each other. Depending on the expression pattern of S1P subtypes in a given cell type, S1P has both pro-and anti-inflammatory effects. Especially, regulation of vascular barrier integrity is one of the highlights of S1P functions in both homeostatic and inflammatory conditions, in which S1P 1 basically protects the vasculature from leakage with counteracting actions of S1P 2/3 . In addition, S1P signaling regulates the trafficking of various types of immune cells, including lymphocytes, dendritic cells, mast cells, monocyte/macrophages, and neutrophils [191] , and affects functions of these cells such as degranulation and production of pro-inflammatory mediators, again depending on the receptor subtypes. Thus, therapeutic intervention targeting S1P signaling has beneficial effects as well as adverse side effects. It would be of great use to further clarify the regulation and contribution of each S1P subtypes in a specific pathological context and develop a way for tissue-and receptor subtype-specific interventions of S1P signaling.
